Studies were undertaken in Munich-Wistar rats to determine whether maintenance of chronic metabolic alkalosis (CMA) is associated with an increase in proximal HCO3 reabsorption, or whether a reduction in glomerular filtration rate (GFR) is required to sustain the elevated plasma HCO3 concentration. Superficial single nephron glomerular filtration rate (SNGFR), and absolute proximal HCO3 (APRHCo3) and water (APRH2O) reabsorption were measured 20±3 d after the induction of CMA in eight rats and the results compared with seven age-matched control animals. Plasma [HCO31 was 39.1±1.8 mM in CMA rats compared with 26.0±0.4 mM in controls (P < 0.001). In the CMA rats, SNGFR was 44.8±1.1 vs. 38.2±2.1 nl/min in controls (P < 0.025). As a result, the single nephron filtered load of HCO3 (FLHco3) increased from 1,147±61 pmol/min in control to 2,040±108 pmol/min in CMA (P < 0.001). APRHcO3 increased by >65%, from 970±65 pmol/min in control to 1,624±86 pmol/min in CMA (P < 0.001). APRH1o increased from 18.4±1.6 nl/min in control to 24.0±0.8 nl/min in CMA (P < 0.005). Tubular hypertrophy resulted in an increase in the length of the proximal convoluted tubule from 5.6±0.2 to 6.5±0.2 mm (P <0.005). The pattern of HCO3 reabsorption along the length of the proximal convoluted tubule in CMA was indistinguishable from that found in normal rats in which FLHCo3 was varied acutely by altering SNGFR. The increase in tubular length accounted for only 30% of the increase in APRH2o and 15% of the increase in APRHCo3. We conclude that a sustained reduction in GFR is not required for maintenance of CMA in the rat. If GFR is chronically restored to normal levels, the alkalosis is maintained by an increase in APRHCO3. The increase in reabsorption is accounted for by (1) tubular hypertrophy, a chronic adaptive response, and (2) a load-dependent response that is indistinguishable from that seen in normal rats when FLHCO3 is increased acutely by increasing SNGFR.
concentration. Because bicarbonate is freely filtered, an elevated plasma concentration of this anion will result in an increase in filtered bicarbonate unless glomerular filtration rate (GFR) is proportionately reduced. Thus, maintenance of a high plasma bicarbonate concentration requires either a sustained increase in reabsorption in response to the increase in filtered load, or a sustained reduction in GFR. Although an increase in bicarbonate reabsorption has long been assumed to occur in metabolic alkalosis (1) , recent studies by Cogan and Liu (2) in rats with mineralocorticoid-induced alkalosis suggest that the high bicarbonate concentration is maintained by a fall in GFR rather than an increase in reabsorption rate. These investigators found that GFR was reduced by -50% in rats after induction of CMA. Moreover, when GFR was increased acutely, bicarbonate reabsorption did not increase above control levels. Induction of chloride depletion alkalosis in man, by contrast, results in an increase in renal bicarbonate reabsorption that is apparent within 24 h despite a small reduction in GFR (3) . In a previous study, we found bicarbonate reabsorption to be highly load dependent in rats with chloride depletion alkalosis (4). Our results also suggested that bicarbonate reabsorption could increase above control levels ifGFR returned to normal without chloride administration (4) . GFR was reduced to 63% of control values in the first week after induction of alkalosis, but had returned to 83% of control values, on average, by 11-14 d, without any change in plasma bicarbonate concentration. Thus, renal bicarbonate reabsorption also increased between the first and second week after induction of the alkalosis. Although reabsorption exceeded control values in several animals at 1 1-14 d, the mean value for the group was not significantly higher than controls. Variations in the filtered load of bicarbonate resulting from differences in single nephron GFR (SNGFR) in these studies were closely associated with parallel changes in proximal tubular bicarbonate reabsorption, indicating that this site in the nephron was an important modulator of overall bicarbonate reabsorption in metabolic alkalosis. By contrast, Cogan and Liu (2) found that proximal bicarbonate reabsorption did not increase when SNGFR was increased acutely in rats with preexisting CMA. One possible explanation for this difference is that the filtered load of bicarbonate in our studies never reached levels sufficient to saturate the transport processes. Because ofthe low SNGFR values in the strain ofrats we studied, proximal bicarbonate reabsorption during metabolic alkalosis never exceeded values seen in normal euvolemic Munich-Wistar rats.
To test whether load dependence of proximal bicarbonate reabsorption extended to higher levels in metabolic alkalosis, we induced this disorder in Munich-Wistar rats using furosemide and dietary chloride restriction, supplemented with NaHCO3. Based on our previous observations (4), we felt it was likely that SNGFR would return to control levels if the rats were studied >2 wk after furosemide treatment. Therefore, we studied them between 2 and 4 wk after they received this agent. In these rats, which had stable CMA, GFR (and SNGFR) were not reduced as compared with age-matched control rats, and in response to the increase in filtered load, proximal tubular and whole kidney bicarbonate reabsorption increased by >65% above control values. Thus, in the rat, renal bicarbonate reabsorption can increase to high levels without evidence of saturation when the filtered load is increased in CMA. A reduction in GFR is not a requirement for maintaining the high plasma bicarbonate concentration in this disorder.
Methods
All experiments were carried out in male Munich-Wistar rats. (Simonsen Laboratories, Gilroy, CA). Control and experimental animals were placed on a low electrolyte diet (ICN Nutritional Biochemicals, Cleveland, OH). For the seven control animals, the diet was supplemented with 2 mmol NaCl and I mmol KCI/12 g. The rats were allowed food and water ad lib., and were studied 2-4 wk after being placed on the diet (mean time on diet, 24±3 d). Metabolic alkalosis was induced in eight age-matched rats by three intraperitoneal injections of furosemide (10 mg/kg body weight) given at 12-h intervals 2-3 d after placing them on the low electrolyte diet. In these animals, the diet was supplemented with 2 mmol NaHCO3 and 0.5 mmol KHCO3 per 12 g. No chloride salts were given.2 In addition, 75 mM NaHCO3 was given as a drinking solution in place of water up until 24 h before study. The rats had free access to water during the day before surgery. These animals were studied 2-4 wk after furosemide treatment (mean time from the completion ofthe furosemide injections to study, 20±2 d). The control and experimental animals were identical in weight at the time they were begun on the diet (241±3 g for CMA, 241±4 g for control). At the time of the study, the control rats weighed 272±3 g. The CMA rats initially lost 12±2 g in the first 12-24 h after completion ofthe furosemide treatment but returned to a normal growth pattern after the first week, and weighed 251±2 g when studied.
Because ofthe weight loss induced by furosemide, the CMA rats weighed significantly less at the time of study than the control rats (P < 0.001).
The animals were prepared for micropuncture as described previously (4). They were maintained on a small animal ventilator with added 02 to maintain Po2 at -100 mmHg (mean Po2 = 106 mmHg in control, 107 mmHg in CMA). The animals were maintained in a euvolemic state by infusion of isoncotic rat plasma (1.3% body weight) as well as a maintenance infusion of ringer solution (0.84 ml/h) during surgery (5) . Subsequently, the rats received a plasma infusion at a rate sufficient to maintain the hematocrit at the level seen immediately after induction of anesthesia and insertion of the femoral artery catheter. At the end of surgery, 4C-inulin, 25 sCi in 0.4 ml ringer solution, was given as a bolus, and 14C-inulin was added to the maintenance ringer infusion in an amount sufficient to deliver 52 MCi/h. After a 45-min equilibration period, timed micropuncture collections were obtained from Bowman's space and from 2. The low electrolyte diet contained no inorganic chloride salts, but we discovered that the vitamin mixture used by the ICN Nutritional Biochemicals for both this study and our previous one (4) (4) . '4C-Inulin activity was measured using a liquid scintillation counter. SNGFR and proximal reabsorption rates were calculated using standard formulas. The filtered load ofbicarbonate was calculated from the product ofSNGFR and Bowman's space bicarbonate concentration. The ratio of Bowman's space bicarbonate concentration to plasma concentration in the alkalotic rats averaged 1.14, a value not significantly different from the value of 1.16 measured in the control rats in this and previous studies (6, 8) . The relationships between reabsorption and distance from Bowman's space shown in Figs. 2 and 3 were fitted to a power equation of the form y = axb, using a computer-based nonlinear least squares search, as described previously (8) . Differences 
Results
General. Table I presents the arterial blood pressure, experimental hematocrit, plasma composition, and GFR in the control and CMA rats. No significant differences were noted between the two groups in blood pressure, arterial hematocrit, or GFR. Arterial PCo2 in CMA was 45.8 mmHg, a value slightly but significantly higher than control, 42.8 mmHg. Arterial pH was 7.55 in CMA, as compared with 7.40 in control rats. Mean plasma bicarbonate concentration was significantly increased to 39.1 mM, as compared with the control value of 26.0 mM. No difference was noted in plasma sodium concentration, but plasma potassium concentration was significantly reduced in CMA, to 2.6 mM. Despite the high plasma bicarbonate concentration in the CMA rats, urinary bicarbonate excretion was not different from control; 99.9% of the filtered bicarbonate was reabsorbed both in CMA and control rats. Urine bicarbonate excretion was 17±7 nmol/min in control and 62±51 nmol/min in CMA. Urine sodium excretion was not different in the two groups, averaging 392±137 nmol/min in control and 456±175 nmol/min in CMA.
Urine potassium excretion in control animals, 425±96 nmol/ min, was higher than in CMA, 169±28 nmol/min, P < 0.025.
Micropuncture results. 18 .4 to 24.9 nl/min. As a result, the fraction of filtered water reabsorbed in the proximal tubule increased from 0.48 to 0.56. The concentration of bicarbonate in the late proximal tubule was 20.7±1.1 mM in CMA as compared with 8.1±0.9 mM in control, P < 0.001. Fig. 1 shows plasma bicarbonate concentration, and SNGFR, GFR, whole kidney HCO-reabsorption, and APRHCO3 as a percentage ofcontrol values for both the present study and our previous study (4) . SNGFR, GFR, whole kidney HCO reabsorption, and APRHCO3 were below normal 4-7 d postfurosemide. With time, however, all values returned to or above control, while maintaining the alkalosis.
Renal hypertrophy. Despite the fact that the CMA rats weighed less than the control animals, whole kidney weight was greater, 1.18±0.04 g, as compared with control, 1.01±0.02 g, P < 0.005. The hypertrophy was evident as well for the proximal tubule. The distance from the glomerulus to the end ofthe proximal convoluted tubule was 6.5±0.2 mm in 29 tubules dissected and measured in the eight CMA rats. This value was significantly longer than the value measured in 14 proximal convoluted tubules in six control rats, 5.6±0.2 mm, P < 0.005.
Pattern ofbicarbonate reabsorption along the tubule. In Fig.  2 we have plotted bicarbonate reabsorption as a function ofdistance from the glomerulus to the site of collection in rats with comparable filtered loads. For this assessment, we have grouped our observations over three ranges of FLHCO3 which include all the values obtained in the CMA rats: 1,200-1,600, 1,600-2,000, and >2,000 pmol/min. Each point shown in the figure represents a single tubular fluid collection (closed triangles, age-matched control rats; closed circles and squares, CMA rats). For the two lower ranges of FLHCO3, we include for comparison the 95% confidence bands (shaded regions) for the relationship found in normal rats in which FLHCO3 was varied acutely by changes in SNGFR induced by hydropenia, euvolemia, plasma expansion, or aortic constriction (8) . For the highest range, only two data points from the previous study (8) CMA fell below the confidence bands, and the metabolic alkalosis relationship differed significantly from normal (P < 0.05, Table   III ). However, all three of these points are from the same animal, as are two out of four of the points in the middle panel that fall below the confidence bands (values from this animal are denoted by closed squares). This animal had a lower fractional reabsorption at all points along the nephron than did the seven other rats with metabolic alkalosis (denoted by closed circles). At the highest range of filtered bicarbonate, the pattern ofreabsorption along the tubule is similar to that observed at the lower ranges; 60-70% is recaptured in the first 2 mm, and there is no evidence of saturation.
Pattern offluid reabsorption along the tubule. In Fig. 3 by open circles. The line in C depicts the best fit for data normal and CMA rats combined (see Table III ).
ni/min, Table III for regression equations and statistical comparisons. correlated ( Fig. 1) . These results contrast with the findings of in which chloride depletion was induced by peritoneal dialysis.
In their study, SNGFR measured at late proximal tubular sites was not reduced in rats with metabolic alkalosis as compared with control. However, SNGFR measured at early distal tubular sites was reduced significantly, and the reduction in distal SNGFR correlated with changes in whole kidney GFR. These workers postulated that chloride depletion heightened glomerulotubular feedback, thereby reducing GFR in metabolic alkalosis. Interruption of flow during proximal tubular collections prevented the feedback signal, and thus SNGFR returned to normal levels. Although acute chloride depletion metabolic alkalosis may depress GFR in this manner, we could find no evidence for such an effect in chronic metabolic alkalosis. In neither our previous (4) nor present study was SNGFR (measured at the late proximal tubule) disproportionately higher than whole kidney GFR, when considered as a percentage of control (Fig.  1) . Changes in SNGFR in both studies were reflected by parallel changes in whole kidney GFR. In addition, no difference was noted in SNGFR between collections made in the late proximal tubule or early distal tubule in two rats in the present study.
Our results indicate that proximal tubular bicarbonate reabsorption in CMA varies directly in relation to variations in the filtered load. Fig. 4 shows this relationship both for the present study (open circles) and for our previous study (reference 4 , open squares). The rats in these two studies had equally high plasma bicarbonate concentrations, and thus the differences in FLHCO3 (and APRHCO3) were due primarily to differences in SNGFR. There is no evidence for saturation of bicarbonate reabsorptive capacity over the entire range of filtered loads in the two studies, 300-2,500 pmol/min. The mean values for the control Munich-Wistar rats in the present study (open hexagon) and in a previous study (open diamond [14] (2) , the filled hexagons (15) , and the inverted filled triangle (16) . One possible explanation for the difference between these acute studies and all the chronic studies is that the proximal tubule requires prolonged exposure to a sustained increase in FLHCO3 in order to increase its reabsorptive capacity above control values. Evidence for such a chronic adaptive response is our finding that the length of the proximal convoluted tubule increased significantly in the CMA rats. The equations relating APRHCo3 to distance from Bowman's space (Table III) were used to calculate the contribution of this increase in tubular length (from 5.6 to 6.5 mm) to proximal reabsorption. Regardless of the range of filtered loads used, the longer (CMA length) tubule was calculated to reabsorb 100 pmol/min more than the shorter control length tubule. This calculated difference, however, only accounts for 15% of the mean difference in APRHCo3 be- Open circles denote rats with CMA from the present study and open squares from a previous study (4) . The closed triangles are from age-matched control rats in the present study. The closed circles are data from normal rats in which SNGFR was varied acutely by hydropenia, euvolemia, isoncotic plasma expansion, and aortic constriction (8) , while the filled squares are similarly treated normal rats from reference 14. The data from reference 14 are not corrected for kidney weight (as they originally were in reference 14) to coincide with the manner in which the other data are presented.
tween control and CMA (654 pmol/min).3 The major component of the increase is related directly to the increase in FLHCO3. This effect is illustrated in Fig. 5 . In this figure, we have plotted the relationship between FLHCO3 and APRHCO3 not only in control and CMA rats, but also in normal rats in which FLHCO3 was varied acutely by hydropenia, euvolemia, isoncotic plasma expansion, or aortic constriction (8, 14) . As can be seen, no major differences in fractional reabsorption are present between the CMA rats and these acute studies, even at filtered loads as high as 2,200 pmol/min. Thus, it appears that proximal bicarbonate reabsorption can increase acutely after abrupt increases in FLHCo0 in a manner that is indistinguishable from the response after chronic increases in FLHCo3. The acute changes were induced over 1-2 h. The reason for the lower fractional proximal bicarbonate reabsorption after acute treatment with colloid-free ECF volume expanding solutions (filled symbols in Fig. 4 ) remains obscure. Acute isohydric expansion in normal animals has little effect on proximal bicarbonate reabsorption (14, 17, 18) . Ifacute volume expansion is coupled with alkalemia, however, fractional bicarbonate reabsorption falls dramatically (2, 15, 16) , an effect which, 3 . This estimate assumes that the increased tubule reabsorptive surface has late proximal reabsorptive characteristics, as is suggested by the anatomic observations of Oliver and co-workers (1 1, 12) in chronic potassium and chloride depletion alkalosis. Further support for this assumption is the concordance between the control and CMA data shown in Fig. 2. Our observations, however, cannot exclude the possibility that this concordance is the fortuitous result ofinhibition of reabsorption by alkalenia and stimulation of reabsorption by selective addition of early proximal type reabsorptive surface.
as shown by the filled triangle in Fig. 4 , cannot be reversed acutely by restoring pH to normal (15) . An intriguing recent observation is that atrial natriuretic factor (ANF), without volume expansion, produces a similar response. In normal animals, absolute bicarbonate reabsorption increases in a normal load-dependent fashion after ANF-induced increases in SNGFR (19) . However, in animals with CMA, increases in SNGFR brought about by ANF administration are not accompanied by significant increases in APRHCO3 (20) , mimicking the response seen when alkalosis and volume expansion are combined (Fig. 4) . Since ANF is released after volume expansion (21) , it is conceivable that this hormone plays a role in the difference in response between CMA rats and acutely expanded alkalemic rats.
The present studies were not designed to determine the mechanisms by which proximal bicarbonate reabsorption can increase above control values in CMA. The hypokalemia that invariably accompanies sustained metabolic alkalosis has been implicated as a factor stimulating proximal bicarbonate reabsorption (22) . However, we and others (2, 4) have found no difference in the relationship between filtered load and proximal bicarbonate reabsorption between normokalemic and hypokalemic (CMA) rats (e.g., Fig. 5 ). Thus, either hypokalemia has an insignificant effect, or its effect to stimulate reabsorption is precisely counterbalanced by the effect of alkalemia to blunt reabsorption. Our observations do not allow us to choose between these possibilities. Recent observations suggest other mechanisms to account for changes in proximal reabsorptive capacity. Schwartz and Al-Awqati (23) have recently shown that vesicles containing hydrogen ion translocating pumps appear to insert into the apical membrane ofthe proximal straight tubule within 1 min of exposure to an elevation in Pco2 and an increase in luminal bicarbonate delivery. Enhanced sodium-hydrogen exchange activity has also been shown to occur in brush border membrane vesicles within 24 h of uninephrectomy (24) . The increase in exchange activity in these studies correlated directly with the change in GFR, and thus with the increase in filtered bicarbonate load induced. These results suggest that alterations in membrane hydrogen ion transporter number or activity can occur rapidly in response to increased FLHCO3. Whether such changes are actually responsible for the increase in proximal bicarbonate reabsorption seen acutely with plasma expansion or chronically in metabolic alkalosis remains to be determined.
Proximal tubular fluid reabsorption also increased substantially in metabolic alkalosis as compared to control. As in the case of bicarbonate, this increase in reabsorption is due in part to the increase in filtered load (SNGFR) and in part to the increase in tubule length. Using the equations relating fluid reabsorption to length along the tubule (Table III) , -30% of the increase in water reabsorption can be accounted for by the increase in tubule length. The remainder is a load-dependent increase indistinguishable from that seen in normal rats in which SNGFR is increased acutely. Since the pattern of fluid reabsorption along the proximal tubule, for any given filtered load, was not different from that seen in normal rats (Fig. 3) , it is apparent that the increase in fractional reabsorption in the CMA rats is largely due to the increase in tubule length.
In summary, these studies indicate that maintenance of metabolic alkalosis in the rat does not require a sustained reduction in GFR. If 
